Characteristics of a distributed intrusion sensor using a coherent DFB laser diode with an external optical feedback and saturable absorber were experimentally investigated. The stimulus at a location of 2 km using a PZT transducer placed the location of a simulated intruder in Φ-OTDR trace after averaging 32 times. Field trials demonstrated the detection of a vehicle and a pedestrian crossing above the sensing line and a loop in a burial depth of 50 cm. This distributed intrusion sensor using a coherent DFB laser diode as the light source had the advantages of a simple structure and intruder detection capability at the underground burial location.
Introduction
The intrusion sensors to locate an intruder's position are drawing increasing attention in the security industry. However, it requires multiple point sensors to extend the detection range using conventional point sensors [1] . Thus, it has been desired to detect an intruder with location information using a single sensor. For this purpose, the distributed sensor became the proper choice [2, 3] . Also, it is necessary to conceal the intrusion sensor in an unexposed location, such as buried underground [4] . The sensitivity of a sensor decreases considerably as the burial depth increases [5] ; thus, the sensitivity needs to compensate for the attenuation due to absorption in soil. In this respect, the coherent fiber optical sensor is a suitable candidate in terms of sensitivity [6] . However, the resolution of a coherent optical sensor depends on the coherence length of a light source [7] . Various concepts have been proposed regarding intrusion sensors. A single intrusion sensor using a leaky coaxial cable has been demonstrated to provide intrusion location along a perimeter sensor cable with shallow burial [8] , and the coupled wave device (CWD) using a perimeter guided radar detection system has shown the capability to detect over complex geometry above ground [9] . However, these wired sensing methods have a relatively short detection range, below km scale, due to attenuation in copper wire. In the case of using multimode optical fiber, an intrusion sensor using Speckle pattern variation showed moderate sensitivity, but without location information [10] . The single-mode optical fiber intrusion sensor using Mach-Zehnder interferometry [11] or fiber Bragg grating (FBG) showed exceptional sensitivity, but also without intruder location information. Thus, multiple sensors were required using cascaded or array architecture to provide intruder location information. The intrusion sensing technique using Rayleigh scattering in a single-mode optical fiber had the advantage of providing distance information; however, the sensitivity in optical time domain reflectometry (OTDR) configuration [12] was not sufficient for underground burial application. The phase-sensitive Φ-OTDR had fully distributed extremely high sensitivity with accurate localization and simultaneous multipoint detection capability in comparison to other optical fiber intrusion sensors. However, it used a fiber laser with an internal active medium [13] , which is exposed to ambient air. And the ambient factors such as airflow, vibration, and temperature inherently influenced the stability of the coherent laser. Thus, the optical fiber intrusion sensor with a compact coherent light source with an integrated active medium has been preferred for outdoor field intrusion sensor application. Our present interest is to realize an optical fiber intrusion sensor with a compact coherent light source, which is immune to ambient factors in comparison to a coherent fiber laser, for field application.
This paper is about a distributed phase-sensitive Φ-OTDR intrusion sensing system with a compact coherent light source using a distributed feedback semiconductor laser with an optical feedback and a saturable absorber.
Distributed Optical Fiber Sensor
2.1. Coherent Φ-OTDR. The architecture of coherent Φ-OTDR is similar to conventional OTDR for locating fault points of communication optical fiber. The difference is that the coherent Φ-OTDR requires a light source with a longer coherence length and narrower linewidth. The light from a coherent light source is modulated using an external modulator, and it is converted to continuous short optical pulse trains. Then, these light pulse trains are optically amplified to transmit through a long-haul optical fiber sensing line. The narrow light pulse from an optical fiber amplifier is divided by a 3 dB optical fiber coupler to transmit an optical probe pulse and to receive the returned sensing signal simultaneously. The optical sensing signal returned by Rayleigh backscattering is converted into an electrical waveform in a PIN photodetector. The single-mode optical fiber for optical communication is used to sense an intruder. Then, the electrical signal is amplified and filtered to enhance the signal-to-noise ratio. Furthermore, the signal is averaged to reduce jagged waveform and processed to deduce the intruder location information. The concept of coherent Φ-OTDR to discriminate the presence of an intruder is shown in Figure 1 .
In case where the light pulse travels the distance through an optical fiber core, a part of the light is scattered by volume having a refractive index difference in comparison to the refractive index of the optical fiber core. If the incident light intensity is I i , then the total scattered light intensity I s , which is reflected by j number of scattering objects, can be estimated [14, 15] . The ratio, R bs , of scattered light power, ΔP, per incident light power, P(z), at distance z in a single-mode fiber can be approximately estimated, as shown in (1), because the attenuation of optical fiber is mostly due to Rayleigh scattering. In (1), F represents the ratio of backscattered light when incident optical power has the Gaussian, and α is the attenuation coefficient [16] .
The distance, L, to the intruder location is calculated by the time difference between transmitted, T T , and received, T R , light pulses using group velocity, v g , of light inside the sensing fiber core, as shown in (2) . Also, the distance resolution, Δz, depends on pulse width, T pw , of the transmitted light pulse, as shown in (3). The received power, P bs , by backscattering at distance L from the transmitter, can be expressed as shown in (4), when the incident optical power is P i . Thus, the sensitivity of a distributed optical fiber sensor is proportional to transmitted optical power and pulse width. If we decrease the pulse width to increase the distance resolution, it will result in decreased signal reception. Thus, an optical power amplifier is essential in a distributed intrusion sensor.
The coherent Φ-OTDR has a significant advantage over conventional OTDR in terms of sensitivity; however, it requires the light source to have a narrow linewidth as well as low frequency drift. The backscattered light wave in coherent Φ-OTDR forms a random state of polarization; thus, the reception signal shows a jagged waveform. The intruder induces the phase modulation to backscattered signal inside the optical fiber core, and this phase modulated signal can be expressed as a nonstationary autocorrelation function, R yy , as shown in
The envelop of a phase modulated signal shows Rayleigh distribution, because y(t) is a narrowband noise process [17] . The jagged waveform due to Rayleigh distribution and fading can be reduced by filtering and averaging when the variation is within a tolerable range. Ambient factors, such as vibration and instant temperature variation due to airflow, influence phase stability of the light source, because they modulate the optical phase inside the optical fiber core. The performance of an intrusion sensor using a Φ-OTDR configuration requires not only longer coherence length but also immunity to ambient factors, and those are directly related to measurement precision. [18] and tens of kHz for fiber-optic gyro application [19] . The fiber-optic intrusion sensor showed distributed sensing capability using a fiber laser with a <3 kHz spectral linewidth [7] . The experimental spectral linewidth value of an AlGaAs/GaAs CSP laser is~38 MHz at 3 mW [20] . A distributed feedback (DFB) laser has an active region with a periodic structure as a diffraction grating, and this grating behaves not only as a wavelength selection element but also as a resonator to produce a single longitudinal mode, in contrast to a conventional Fabry-Perot laser. A conventional single-frequency tunable DFB laser diode has a spectral linewidth of~2 MHz, and this is regarded as too broad for fiber-optic distributed sensor application. A longer laser cavity and higher facet reflectivity are needed for narrow linewidth [21] ; however, this leads to laser mode hopping and multilongitudinal mode oscillation in case of a Fabry-Perot cavity. The linewidth Δν of the tunable DFB laser diode is approximate as shown in (6), where α 0 is the sum of absorption loss and scattering loss, κ is the coupling coefficient, and L is the cavity length [22] . This shows that the higher κ and longer L are needed to shorten spectral linewidth. Also, the external optical feedback to a DFB laser diode affects the linewidth of the laser [23] . The absorption coefficient varies according to the absorbed light quantity in a saturable absorber [24] , and this can affect the spectral linewidth in the lasing cavity.
A coherent light source is fabricated using a DFB laser diode, antireflection coated on one facet side and highreflection on the other facet side to form an external optical cavity between an external fiber Bragg grating and DFB laser diode. An optical feedback loop is formed by using an optical circulator. The amount of optical feedback is adjusted by using a variable optical attenuator, and it is monitored using an optical fiber coupler. The center wavelength of the external fiber Bragg grating is selected to match the lasing wavelength of the DFB laser diode. Furthermore, the lasing wavelength of the DFB laser diode is precisely adjusted to the center wavelength of the external fiber Bragg grating by adjusting the temperature of the DFB laser diode. The unconnected fiber end is immersed in index matching fluid to avoid unwanted reflection. Two saturable absorbers are inserted in the lasing cavity to further reduce the spectral linewidth, as shown in Figure 2 . The erbium-doped optical fiber is used as the saturable absorber.
Spectral Linewidth Measurement.
The wavelength resolution of a conventional optical spectrum analyzer is 0.1 nm; thus, a self-heterodyne measurement setup is needed to measure the extremely narrow linewidth [25] . The resolution of the self-heterodyne measurement setup is determined by optical fiber delay line length, L, where the delay time, τ delay = n g /c, is~5 μs/km × L km. In the equation, c is the speed of light, and n g is the group refractive index. The free spectral range (FSR), Δν FSR , is represented as c/(n g L c ), where L c is the coherence length. Thus, the spectral width exceeding Δν FSR can be measured within the resolution limit. The −3 dB spectral width, Δλ FWHM , of a light source can be calculated from coherence length using λ o 2 /(πL c ) [26] . An optical modulator can be used to shift the center frequency to display the spectral waveform on a RF spectrum analyzer. and Δλ = 0.99 nm wavelength width was used as the reflector to form an external Fabry-Perot cavity. The lasing wavelength of the DFB laser diode was adjusted to the center wavelength of the FBG by controlling the temperature of the DFB laser diode. The exact matching of two center wavelengths is essential to the performance of a coherent light source. Two erbium-doped fibers, each 1-inch long, having −7.5 dB/m loss at 1530 nm, were used as saturable absorbers. Also, a variable optical attenuator with an attenuation range of 0~60 dB was used to provide optical feedback. The optical power of the coherent light source with an external Fabry-Perot cavity was reduced to~5% of the DFB laser diode alone. The assembled coherent light source is shown in Figure 3. 3.2. Spectral Linewidth Measurement. In self-heterodyne measurement setup, the phase and frequency fluctuation of an incident optical signal is converted to an amplitude signal, and it is measured using a RF spectrum analyzer. In the Mach-Zehnder interferometer configuration of a selfheterodyne measurement setup, the incident optical signal meets its identical signal through a fiber-optic delay line. At this time, two signals interfere with each other and are converted from linewidth information to RF power spectrum. The carrier frequency ω c , 100 kHz in this experiment, was applied to one side of the fiber-optic line to shift the center frequency of the interference signal for viewing in a RF spectrum analyzer. In the self-heterodyne measurement setup, if the length of a fiber-optic delay line is longer, the wavelength resolution becomes better. At the same time, the optical signal power through the fiber-optic delay line needs to be above the noise equivalent power (NEP) value of an optical receiver. When the length of a fiber-optic delay line is equal or shorter than the linewidth of a light source, the phase of the interference signal becomes partially correlated. The fiber-optic delay line length of the self-heterodyne measurement setup was selected as 63 km, which is equivalent to a~0.315 ms time delay.
In case of no optical feedback, the linewidth will be identical to the linewith of the long cavity DFB laser diode. In the case of excess optical feedback, instability will be increased due to spatial hole burning (SHB) and mode hopping. Thus, it is necessary to adjust the amount of optical feedback to achieve the minimum linewidth. In the first experiment, the optical feedback, P FB , was adjusted to −27 dB of optical output power, and the RF spectrum of the self-heterodyne measurement setup is shown in Figure 4 . In the second experiment, the amount of optical feedback, P FB , was increased to −17 dB of optical output power without the two saturable absorbers. In this case, the linewidth was enhanced, as shown in Figure 5 . In the third experiment, two saturable absorbers were added to the second case, as shown in Figure 2 , and then the measured linewidth showed better enhancement, as shown in Figure 6 .
The coherent light source with two saturable absorbers had the most narrow linewidth among the three measurements. The measured −3 dB linewidth in Figure 6 is 3 kHz, which is the resolution limit of the self-heterodyne measurement setup. The actual linewidth is considered to be below 3 kHz. The 3 kHz linewidth is the FSR, Δν FSR = c/(n g L c ), which is equivalent to~1 × 10 −8 nm using
3.3. Coherent OTDR. The coherent light source was encased to isolate it from an outside airflow effect. It was doublewrapped with cotton wool and sponge in a styrofoam case. The light from the coherent light source was amplified 30 dB using an optical amplifier. Two cascaded optical single-mode fiber spools, each 2 km and 10 km length, were used as simulated sensing lines. The optical fiber spools were encased in similar shock absorbing and temperature-stable cases. The dimensions of the case were L60 × D60 × H60 cm. The PZT (lead zirconate titanate) was used to simulate the intruder and located between 2 km fiber spool and 10 km Journal of Sensors fiber spool. The phase modulation of the PZT was adjusted to 2/3 level of maximum output. The 3 dB optical fiber coupler was used to transmit and receive optical signals simultaneously. The signal received was amplified 33 dB using lownoise amplifier (LNA) and filtered by using low-pass filter (LPF) with variable cutoff frequency capability. Finally, the signal was averaged to minimize signal fluctuation. The experimental setup for measurement is shown in Figure 7 .
The peak signal at the 2 km location from the starting point in the 12 km-long sensor line showed the sensing of the simulated intruder by the PZT transducer. In the Φ-OTDR trace, as shown in Figure 8 , the 40 μs point is the starting location, and the 60 μs point is the 2 km location. The elapsed time of 20 μs is equivalent to the round-trip time through the 2 km fiber-optic sensor line. Vehicle traffic outside the building and pedestrians walking inside the building both behaved as environmental noise, even though the optical fiber spools were contained in shock absorbing boxes. Thus, the measurement was performed at midnight when there was no vehicle traffic or pedestrians walking. The noise-like waveform in Figure 8 (b) is due partly to the frequency instability of the light source and partly to environmental noise sources. Figure 9 (a), and a photo showing the backfilled surface is shown in Figure 9 (b). A vehicle weighing 1500 kg and a pedestrian weighing~60 kg were used as sample intruders. The test was carried out for two cases: one crossing the whole sensing loop and the other crossing one sensing line only.
In case of crossing one sensing line, the detection response for the vehicle created notches around the sensing peak, while the response for the pedestrian showed the one dominant peak. The phase-sensitive Φ-OTDR traces for these two cases, after averaging 32 times, are shown in Figures 10 and 11 . By comparing the traces between Figures 10(b) and 11(b) , the peak output values were found Journal of Sensors to be similar. This can be explained as both phase shifts, by vehicle and pedestrian, were more than 2π rad., which was enough to be detected. The difference between Figures 10(b) and 11(b) indicates that the impact of the vehicle was strong enough to influence both optical fiber spools, which are 12 km long, even though the spools were contained in shock resistance containers. However, one momentary movement by the pedestrian located the intruder at the 2 km location. The noise-like waveform in the other location, as seen in Figure 11 (b), is due to frequency instability of the light source and environmental noise sources. In the case of crossing the whole sensing loop, the sensing loop started to sense from the vicinity of the loop in both cases of vehicle and pedestrian. And it influenced the two optical fiber spools, simulating 12 km-long sensor lines, although the fiber spools were isolated in shock absorbing boxes. The phase-sensitive Φ-OTDR traces for these cases after averaging 32 times are shown in Figures 12 and 13 . The vehicle driving over the sensing loop showed a broader peak signal at the 2 km location due to the averaging effect, as shown in Figure 12(b) . However, the continuous walking motion by the pedestrian influenced not only the buried sensing loop, but also the two optical fiber spools, as seen in Figure 13(b) . Also, the response by driving the vehicle 100 m away from the field test bed was observed in a similar pattern as the pedestrian walking over the sensing loop.
The appearance of the Φ-OTDR trace was influenced by number of averaging times. Without averaging, it clearly showed a full swing variation at the impact location, wide in the case of vehicle and narrow in the case of pedestrian. This means phase changes of more than 2π rad. in both cases. 
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After averaging 256 times, the trace of the phase-sensitive Φ-OTDR response converged to a typical OTDR trace. The induced phase change is close to a linear function of applied weight for a given depth. In the case of the pedestrian weighing 60 kg over a sand box, the phase change is 6π rad. at a burial depth of 20 cm and 2.5π rad. at a burial depth of 40 cm according to the simulation results [27] . This implies that the phase changes by both vehicle and pedestrian are equal to or exceed 2π rad. The sensitivity of this distributed optical fiber intrusion sensor was found to be too high to experimentally measure the distance resolution unless the entire 12 km sensing optical fiber was buried at a sufficient depth to cause less than π/2 rad. phase shift. However, the distance resolution can be inferred to be~160 m from a 3 dB width in Figure 11(b) , when the light pulse width is 1.5 μs.
The spatial resolution of the system is proportional to the pulse width of incident light to optical fiber, as shown in (3), in the case where the backscattered light is sufficient enough for detection. And the shorter the length of this distributed sensor is, the larger the backscattered light is. Also, the larger the output power of the optical fiber amplifier is by cascading the other optical fiber amplifier, the larger the backscattered light is. Thus, the spatial resolution of the system is inversely proportional to the length of the sensing line. The minimum spatial resolution was measured as~40 m when the pulsed light output, with 0.3 μs pulse width, was amplified +20 dB by cascading the second optical fiber amplifier for the 12 km sensing length.
The sensitivity of the system is a function of sensing length, burial depth, optical output power, and optical pulse width. By using the configuration in Figure 1 with Journal of Sensors the 12 km sensing line, adequate phase changes were produced for burial depths within 50 cm in the experiment. To predict the maximum sensing length, an analytical model using the Monte Carlo method was used by assuming the random locations of the scattering centers in the optical fiber. Twelve laser pulses were averaged for the signal level in each time bin. The number of missed intruders was determined in 100,000 trials. For a missed probability of 10 −4 and a false alarm rate of 10 −10 , the sensing length was estimated as 50 km at a spatial resolution of 160 m by using the same parameter for spatial resolution measurement.
This distributed Φ-OTDR intrusion sensor system is suitable for real-time monitoring of multiple intruders and the most cost-effective solution for long perimeter intrusion detection. And the coherent light source using the DFB laser diode with external optical feedback has the advantage of simpler architecture and is immune to environmental noises in comparison to other coherent light source using a fiber laser. The degree and stability of coherence length are critical to the performance of a Φ-OTDR intrusion sensor system. The coherence length variation due to environmental parameters fluctuates the phase of backscattered light, and this requires increasing the averaging number and further signal processing to reduce errors, resulting in a delayed response.
Conclusion
A distributed intrusion sensor using a DFB laser with external optical feedback and saturable absorber was fabricated for distributed intrusion sensor application. This light source had the advantage of a simple structure in comparison to a 9 Journal of Sensors fiber laser, but with longer coherence time than a DFB laser alone. The linewidth of the light source was measured to be below the resolution limit of the self-heterodyne measurement setup, which is~3 kHz FSR or~1 × 10 −8 nm. The distributed intrusion sensor was simulated using two cascaded 2 km and 10 km fiber-optic spools. The intruder location was simulated at a location 2 km from the starting point. The distributed intrusion sensor in the laboratory setup showed sensible sensitivity to PZT stimulus. A field test was carried out by using two cascaded 2 km and 10 km fiberoptic spools. The intruder location was simulated at a location 2 km from the starting point by inserting a 100 m optical fiber with 3 mm diameter jacket. The test was carried out for two cases; one crossing the sensing loop and the other crossing one line only at a burial depth of 50 cm. Two cases of intruders, a vehicle and a pedestrian, were attempted in the field experimental test. A single movement by the pedestrian across a sensing line or driving across a sensing loop by the vehicle induced the detection peaks at the 2 km intruder location. The induced phase changes by both intruders are considered to be above 2π rad. from the measured responses. However, continuous movement by both the pedestrian walking and vehicle driving over a sensing loop induced multiple peaks around sensing peak due to the influence of optical fiber spools. The spatial resolution was measured as~40 m for the 12 km sensing length, and the usable sensitivity was found to be up to a burial depth of 50 cm. The maximum sensing length was estimated to be up to 50 km at a spatial resolution of 160 m according to the simulation results. Journal of Sensors
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